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We report on the systematic study of infrared/terahertz spectra of photocurrents in (Bi,Sb)Te based three-
dimensional topological insulators. We demonstrate that in a wide range of frequencies, ranging from fractions
up to tens of terahertz, the photocurrent is caused by the linear photogalvanic effect (LPGE) excited in the surface
states. The photocurrent spectra reveal that at low frequencies the LPGE emerges due to free carrier Drude-like
absorption. The spectra allow us to determine the room temperature carrier mobilities in the surface states despite
the presence of thermally activated residual impurities in the material bulk. In a number of samples we observed
an enhancement of the linear photogalvanic effect at frequencies between 30 and 60 THz, which is attributed to
the excitation of electrons from helical surface to bulk conduction band states. Under this condition and applying
oblique incidence we also observed the circular photogalvanic effect driven by the radiation helicity.
DOI: 10.1103/PhysRevMaterials.2.024202
I. INTRODUCTION
Three-dimensional topological insulators (TIs) caught at-
tention soon after their prediction, for reviews see Refs. [1–3].
The band structure at the surface is the reason for their unique
features: alike to graphene [4], the surface states of topological
insulators are characterized by a linear energy dispersion,
which is described by the zero mass Dirac equation. The single
Dirac cone in TIs, however, leads to a spin-momentum locking
and, with that, to new physics. Renowned techniques such as
angle resolved photoemission spectroscopy (ARPES) [1–3,5]
or magnetotransport measurements, for review see Ref. [6], are
applied to access and characterize surface carriers in TIs. New
opportunities to study Dirac fermions are offered by nonlinear
high frequency transport phenomena [7] which scale with the
second or third power of radiation electric field. A plethora of
such effects has been theoretically discussed and observed in
TIs systems including circular and linear photogalvanic effects
in three-dimensional (3D) TIs [8–19], edge photogalvanics
in two-dimensional (2D) TIs [20–23], quantum interference
controlled photocurrents [24,25], ultrafast photocurrents in TI
states [26–30], transient photocurrents in the topological sur-
face state measured by ARPES and its modifications [31–34],
the inverse spin-galvanic effect [35], and harmonic generation
[36–38], for review see Ref. [39]. The advantage is that some
of them can be used to excite solely the surface states even in
TI materials with a high carrier density in the bulk and even at
room temperature.
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In this paper we present a systematic study of the pho-
togalvanic effect in a wide frequency range extending over
two orders of magnitude from f ≈ 0.6 to 60 THz. The
experiments were carried out on various (Bi,Sb)Te based 3D
TIs at room temperature. The samples, besides their compo-
sition, discriminate due to their Fermi level position or bulk
carrier concentration. For low frequency radiation and normal
incidence the photocurrent is caused by the linear photogal-
vanic effect (LPGE). The spectra measured reveal that they
follow the Drude high-frequency conductivity varying with
the radiation frequency as 1/[1 + (2πf τ )2], where f is the
radiation frequency and τ is the scattering time of surface states
carriers. These results are analyzed applying the microscopic
theory developed in Refs. [11,17] and provide an access to
the room temperature scattering times and mobilities of the
surface states. In some samples we observed a resonancelike
increase of the LPGE at high frequencies in the range from 30
to 60 THz. The enhancement of the LPGE is attributed to the
photoionization of Dirac fermions in the surface states to the
conduction/valence band. We discuss the microscopic model
of this phenomenon and show that the photocurrent is formed
by a shift contribution or an asymmetric relaxation of the
photoexcited electrons/holes. Furthermore, in this frequency
range and applying oblique incidence, apart from the LPGE,
we also observed a circular photogalvanic effect driven by the
radiation helicity.
II. SAMPLES AND TECHNIQUE
For this study, we used molecular beam epitaxy (MBE)
grown (Bi1−xSbx)2Te3 based 3D TIs including a pure Bi2Te3
sample [40,41], Bi2Te3/Sb2Te3 heterostructures with different
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TABLE I. Samples compositions, Fermi energies EF and Fermi velocities vF, together with scattering times τ obtained from the frequency
dependencies of the linear photogalvanic effect. The scattering times are extracted with a tolerance value of 10%. The corresponding values of
the carrier mobilities μ are calculated from the scattering times and the Fermi energies EF. Note that the latter values are measured by in situ
ARPES and, in particular for (Bi0.06Sb0.94)2Te3 with EF close to zero, may yield overestimated values of μ, see Ref. [67].
Bi2Te3/Sb2Te3 (Bi1−xSbx)2Te3
Sample Bi2Te3 dST = 7.5 nm dST = 15 nm dST = 25 nm x = 0.43 x = 0.94
EF (meV) 500 140 30 −35 500 7
vF (105 m/s) 4.3 5.2 2.2 2.5 5.1 3.8
τ (ps) >0.25 0.06 0.06 0.08 >0.25 0.04
μ (cm2/Vs) >940 1230 1030 1420 >1330 8210 [67]
thicknesses of the Sb2Te3 layer [42,43], and (Bi1−xSbx)2Te3
ternary systems [44,45]. The samples, grown on a (111)
oriented silicon substrate, were characterized by in situ ARPES
measurements, from which the energy dispersion and the Fermi
level position were obtained. All samples compositions, Fermi
velocities, and energies with respect to the Dirac point are sum-
marized in Table I. The latter varies from −35 up to 500 meV.
In the ternary systems ARPES measurements showed that in
the ternary alloy with an Antimony concentration x = 0.94
the Fermi energy EF lies close to the Dirac point. Note that
a reduced bulk carrier concentration is found at x = 0.43, see
Refs. [44,45]. In the heterostructures, where Sb2Te3 layers are
grown on a 10 nm Bi2Te3 layer, the Fermi level is tunable by
varying the p-type Sb2Te3 thickness dST, see Refs. [42,43].
X-ray diffraction (XRD) measurements were performed to
confirm the alignment of the substrate with the thin TI layer
and to determine the in-plane crystallographic axes. With
knowledge of the latter, the samples were cut along directions
of high symmetry into 7 × 4 mm2 pieces. The samples were
electrically contacted in the middle of the edges parallel to the
x and y directions, see insets in Figs. 1(a) and 1(b).
To cover a wide range of frequencies numerous sources
of continuous wave (cw) and pulsed infrared/terahertz laser
radiation were applied including optically pumped molecular
FIG. 1. Photocurrent Jx,y measured along x and y directions
and normalized on the radiation intensity I in (a) Bi2Te3, (b)
(Bi0.06Sb0.94)2Te3, (c) (Bi0.57Sb0.43)2Te3, and (d) Bi2Te3/Sb2Te3 het-
erostructure with Sb2Te3 thickness of 15 nm. Solid lines show fit after
Eq. (1), see also Eq. (4) and discussion. Note that the polarization
independent offset D (D′), being much smaller than the amplitude
A(f ), is subtracted in these plots. The insets in panels (a) and (b)
define the angle α and show the experimental setup. Arrows on top
illustrate the polarization plane orientation for several angles α.
terahertz lasers [46,47], free electron lasers (FELBE) at the
Helmholtz-Zentrum Dresden-Rossendorf [48,49], a quantum
cascade laser (QCL) [50,51] as well as Q-switched and
transversely excited atmospheric pressure (TEA) CO2 lasers
[52–54]. The lasers operated at single frequencies in the range
from f ≈ 0.6 to 60 THz (corresponding photon energies range
from h¯ω = 2.5 to 250 meV, where ω = 2πf is the angular
frequency). For the low frequency range from 0.6 to 3 THz
a line-tunable pulsed molecular laser was used with CH3F,
D2O, and NH3 as active media [55,56]. The laser generated
single pulses with a duration of about 100 ns with a repetition
rate of 1 Hz. The radiation intensity on the sample surface was
about 10 kW/cm2. Furthermore, low frequency measurements
were performed in the range from f = 1.8 to 10 THz with
the tunable free electron laser FELBE 1 (U-27) operating
in the quasi cw regime. The FELBE provided picosecond
micropulses with repetition rates in the MHz range and an
average power of tens of mW.
Radiation with frequencies of about 30 THz was obtained
by pulsed line-tunable Q-switched and TEA CO2 lasers. The
Q-switched laser provided pulse durations of hundreds of
nanoseconds with a peak power of about 1 kW and a repetition
rate of about 120 Hz [54]. The operation mode of the TEA CO2
lasers [47,52] was similar to the one of the molecular terahertz
lasers. Further lines in this range and at higher frequencies
up to 60 THz were obtained applying the free electron laser
FELBE 2 (U-100), operating in the same regime as FELBE 1
described above. Radiation with f = 58 THz was additionally
provided by a cw quantum cascade laser with a power of about
10 mW.
The peak power of the radiation was monitored, depending
on the system, with mercury cadmium telluride (MCT) [57]
and photon-drag [58] detectors, as well as with pyroelectric
power meters. The beam positions and profiles were checked
with pyroelectric cameras [59,60] or thermal sensitive paper.
The radiation was focused onto spot sizes of about 1 to 4 mm
diameter, depending on the radiation frequency. Experimental
geometry included normal as well as oblique incidence. In
experiments at normal incidence, front and back illumination
was used with corresponding angles of incidence θ = 0 and
180◦, see inset in Fig. 1(b). The back illumination was used
to ensure that the signal is caused by the linear photogalvanic
effect, being the focus of this work, and to ensure that there is
only a negligible contribution of the photon drag effect [17],
which, if present, can affect the frequency dependence of the
photocurrent. In the measurements applying oblique incident
radiation, aimed at the search for the circular photogalvanic
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effect [61] in 3D TI at terahertz frequencies [10], the angle of
incidence θ was varied between −40◦ and 40◦ with the (yz)
plane of incidence, see inset in Fig. 4(b).
In the majority of the experiments, linearly polarized ra-
diation with an azimuthal angle α defining the orientation of
the radiation electric field vector in the sample’s plane and
the y axis, see inset in Fig. 1(a), was applied. The angle α
was varied either by rotation of half-wave plates or a grid
wire placed behind a quarter-wave Fresnel rhomb, which
was set to provide circularly polarized radiation. To study
the helicity dependence of the signal quarter-wave Fresnel
rhombs or plates were used. In this geometry, the radiation
helicity was varied as Pcirc ∝ sin 2ϕ, where the rotation angle
ϕ was defined as an angle between the laser polarization plane
and the optical axis of the polarizers [62,63]. Note that for
α = 0 as well as for ϕ = 0 the incident radiation was linearly
polarized with electric field vector parallel to the y axis. The
induced photocurrents were detected as a voltage drop across
load resistors at room temperature. The signals were recorded
either with GHz oscilloscopes, in the case of pulsed gas laser
systems, or with lock-in technique, in the case of modulated
quasi cw radiation of FELBE and cw radiation of the QCL.
The photocurrents were measured in two directions, x and y,
perpendicular to each other and parallel to the sample edges,
see insets in Fig. 1.
III. EXPERIMENTAL RESULTS
A photocurrent excited by normal incident linearly po-
larized radiation was detected for all used frequencies and
samples. It is characterized by the same overall behavior:
It scaled quadratically with the radiation electric field, had
a response time of picoseconds or less, and exhibited a
characteristic polarization dependence. Figure 1(a) presents
an example of the photocurrent variation upon rotation of the
radiation polarization plane obtained in Bi2Te3 excited with
radiation frequency f = 3.3 THz. The figure shows that the
photocurrent scales after
Jx(α)/I = A(f )s1 + D(f ), (1)
Jy(α)/I = −A(f )s2 + D′(f ),
where s1 = − cos 2α and s2 = − sin 2α are the Stokes param-
eters of light defining the electric field orientation in the x,y co-
ordinate system and in a 45◦ rotated one, respectively [64,65].
Note that in all experiments the polarization independent offset
D(f ) and D′(f ) was much smaller than A(f ), and therefore,
is out of the scope of this paper. Figures 1(b)–1(d) show
exemplary Jx(α) measured for further three samples including
(Bi1−xSbx)2Te3 ternaries with two different Sb concentrations
x and one of the Bi2Te3/Sb2Te3 heterostructures. Experiments
with front and back illumination demonstrated that the polar-
ization dependence itself, and sign and value of the coefficients
A(f ) do not change. This result was the same in all samples
and for all frequencies used in this work (data not shown). The
dependence of the coefficient A(f ) on the frequency is shown
in Fig. 2. The data reveal that in a wide range of frequencies the
photocurrent decreases with the frequency increase and can be
well fitted by
A(f ) ∝ 1/[1 + (2πf τ )2]. (2)
FIG. 2. Frequency dependence of the coefficient A for (a) Bi2Te3,
(b) (Bi0.06Sb0.94)2Te3, (c) (Bi0.57Sb0.43)2Te3, and (d) Bi2Te3/Sb2Te3
heterostructure with Sb2Te3 thickness of 15 nm. Solid line shows fit
after Eq. (2), see also Eq. (6) and discussion. Dashed lines are guide
for eye, demonstrating deviation of photocurrent amplitude from the
Drude-like behavior.
At high frequencies, however, a substantial deviation from
this behavior has been detected for several samples: The
photocurrent drastically increases as compared to the values
expected from Eq. (2), reaches a maximum, and then decreases,
see Figs. 2(b), 2(d) and 3(a). Note that, while the used discrete
frequencies clearly indicate the photocurrent enhancement,
they do not allow a characterization of the peak with a sat-
isfactory resolution. As addressed above, the overall behavior
at these frequencies including its polarization and angle of
FIG. 3. (a) Frequency dependence of coefficient A of a
Sb2Te3/Bi2Te3 heterostructure with dST = 7.5 nm. Solid line shows
fit after Eq. (2), see also Eq. (6) and discussion. Dashed line is
guide for eye, demonstrating deviation of photocurrent amplitude
from the Drude-like behavior. (b) Azimuthal angle dependence of the
photocurrent Jy/I measured at frequency f = 53 THz. Solid lines
show fit after Eq. (1), see also Eq. (4) and discussion. Inset shows
experimental setup.
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FIG. 4. (a) Dependence of the normalized photocurrent Jx/I
on the angle ϕ measured in a Sb2Te3/Bi2Te3 heterostructure with
dST = 7.5 nm. Data are shown for the (yz) plane of incidence and
angle of incidence θ = 40◦. Solid line shows fit after Eq. (3), see
also Eq. (7) and discussion. Horizontal lines and downwards pointing
arrows indicate photocurrent for circularly polarized radiation. (b)
Dependence of the circular coefficient C on the angle of incidence.
Solid line shows fit after Eq. (3), see also Eq. (7) and discussion. Inset
shows experimental setup.
incidence dependencies remained unchanged, as shown in
Figs. 1(b), 1(d) and 3(b).
For oblique incidence and linearly polarized radiation we
observed the same dependence J (α), however, the ampli-
tude A(f ) depending on sample and radiation frequency
decreased or increased (data not shown, for the origin see
Ref. [17]). Using elliptically polarized radiation, however,
we observed that in the direction normal to the plane of
incidence the polarization dependence was modified. Besides
the LPGE, varying after Jx(ϕ) = −A(f,θ )(cos(4ϕ) + 1)/2 =
A(f,θ )s1, we observed a small but clearly pronounced ad-
ditional photocurrent contribution, which has opposite signs
for right- and left-handed circularly polarized radiation. The
overall polarization dependence in this geometry is well
described by
Jx(ϕ)/I = A(f,θ )s1 + C(f,θ )s3 + D(f,θ ) , (3)
see Fig. 4(a). The observed circular photocurrent is propor-
tional to the coefficient C(f,θ ) and the Stokes parameter
s3 = sin(2ϕ) defining the radiation helicity [64,65]. Figure 4(b)
shows C(f,θ ) as a function of the angle of incidence θ ,
revealing that it is odd in θ .
IV. DISCUSSION
First, we discuss the data obtained at normal incidence.
According to the symmetry analysis, spatially homogeneous
normal incident radiation can result in the photogalvanic effect
in the surface states as well as the photon drag effect [11,17].
The corresponding current density j is given by
jx = (χ + T qz)[|Ex |2 − |Ey |2], (4)
jy = −(χ + T qz)[ExE∗y + EyE∗x ].
Here Ex,y are in-plane projections of the radiation electric field
E, the factor χ is the single linearly independent photogalvanic
constant, T is the photon drag constant, q is the photon
wave vector, and z is normal to the epilayer. Note that the
squared brackets in Eq. (4) divided by the electric field
amplitude |E0|2 represent the Stokes parameters s1 and s2, see
Refs. [64,65]. These characteristic polarization dependencies
have been observed for all samples and frequencies used, see
Figs. 1 and 3(b).
The fact that in the experiments the photocurrent amplitude
A(f ) remains unchanged for front and back illumination
excludes the sizable contribution of the photon drag effect and
provides a clear evidence for the photogalvanic effect in the
surface states as a cause of the photocurrent [11,17]. Indeed,
the photogalvanic effect is determined only by the in-plane
electric field orientation, see Eq. (4), and is insensitive to the
radiation propagation direction. The photon drag current on
the other hand, being proportional to the photon momentum,
reverses its sign at inversion of the photon wave vector qz, see
also Eq. (4). Therefore, a substantial contribution of the photon
drag effect should result either in different magnitudes A(f )
for front and back excitation or, if dominating, even in a change
of the photocurrent direction.
For small photon energies, at which Drude absorption
dominates [66] and direct optical transitions are not possible,
the linear photogalvanic effect is shown to be caused by the
asymmetric scattering of Dirac fermions driven back and forth
by the terahertz electric field [11,17]. For elastic scattering by
Coulomb impurities the photogalvanic coefficient χ in Eq. (4)
is given by [11]
χ = evF 2τ
EF
	σ (f ) (5)
in which e is the electric charge, 	 the asymmetric scattering
probability, and σ (f ) is the high frequency (Drude) conduc-
tivity given by
σ (f ) = e
2EFτ
4πh¯2[1 + (2πf τ )2] . (6)
Equations (5) and (6) reveal that the amplitude of the photocur-
rent should scale after Eq. (2). Our measurements performed in
a wide frequency range, apart from the resonantlike increase
at high frequencies observed in some samples, confirm this
frequency dependence, see Figs. 2 and 3. Consequently, the
investigation of the photogalvanic effect allows one to analyze
the Drude conductivity of the surface states, which provides
access to the scattering times. In our data the latter one
can be extracted for (Bi0.06Sb0.94)2Te3 and Bi2Te3/Sb2Te3
heterostructures with different thicknesses of Sb2Te3. For these
samples the condition ωτ ≈ 1 is fulfilled, see Figs. 1(b) and
1(d), in the studied frequency range. The values of τ can be
estimated from the fit functions and are summarized in Table I.
Taking into account the Fermi level position, known from
in situ ARPES (see Table I), we obtained room temperature
mobilities of the Dirac states in these samples ranging from
1000 cm2/Vs up to several thousands [67]. These are of the
same order of magnitude as the ones measured in transport
experiments for low temperature from 2 up to 77 K, see, e.g.,
Refs. [45,68].
The frequency dependencies of the photocurrent obtained
for Bi2Te3 and (Bi0.57Sb0.43)2Te3 show that the photocurrent
scales as 1/f 2 down to the lowest frequencies used here, see
Figs. 2(a) and 2(c). This indicates that the value ωτ remains
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substantially larger than unity. Consequently, the scattering
times in these samples are at least by one order of magnitude
larger than that for previously discussed samples. To determine
τ in these samples further measurements with substantially
lower frequencies at which ωτ becomes less than unity are
required.
Now we turn to the photocurrent enhancement observed at
high frequencies in several samples. Our results, in particular
the polarization dependence for unchanged coefficients A for
front and back illumination reveal that this photocurrent is also
caused by the linear photogalvanic effect in the surface states.
The fact that it is characterized by a nonmonotonic frequency
dependence and a magnitude by 10 to 100 times larger as
compared to the Drude-like photocurrent clearly indicates that
other types of optical transitions must be responsible for the
photocurrent formation. This could be either direct optical tran-
sitions from the Dirac cone to the bulk states (photoionization)
or interband transitions within the Dirac cone.
Direct optical transitions induced by linearly polarized ra-
diation can give rise to a photocurrent in systems of sufficiently
low spatial symmetry (piezoelectric class) [69]. An example
of such systems is the trigonal surface of topological insulators
studied here. Two contributions to the photocurrent, which
are of different microscopic origin, are possible. First, the
photocurrent can originate from the shift of electron wave pack-
ets in the real space at optical transitions (shift contribution)
[69,70]. Second, the photocurrent can emerge as a result of
asymmetric relaxation of the excited electrons/holes. The latter
mechanism of the photocurrent formation contains two stages.
At the first stage, the optical excitation by linearly polarized
radiation leads to an anisotropic distribution of carriers in
the momentum space which is described by the stationary
correction to the electron distribution function and scales as
a square of the ac electric field magnitude. The phenomenon
is known in semiconductor physics as the optical alignment of
electron momenta [11,71,72]. At the second stage, the relax-
ation of the stationary correction to the distribution function
by trigonal scatterers gives rise to a directed flow of carriers,
i.e., an electric current. Similar two-step mechanisms of the
photocurrent formation have been considered for the surface
photocurrents in metals [73] and bulk GaAs [74], as well as
for quantum well structures [75].
In the idealized pure linear dispersion model, the pho-
toionization, which results in the depopulation of Dirac states
and population of excited bulk states, optical transitions and,
consequently, related photocurrents are excited in the range
provided by h¯ω > Ec − EF. This is because the photoion-
ization picture requires that the initial states of the direct
optical transitions are occupied. Furthermore, to excite such
transitions the final states must be empty. Therefore these
transitions take place only in a certain range of photon energies
[23]. In real structures, the dispersion is more complicated
and conditions are not as straightforward. That is particularly
the case in such samples as our heterostructures combining
two different materials. Nevertheless, the photocurrent due
to photoionization must show a nonmonotonic resonantlike
frequency dependence as observed in experiments, see Figs. 2
and 3(a). According to band structure calculations, the above
condition is fulfilled for photon energies corresponding to the
enhanced photocurrent in all three Bi2Te3/Sb2Te3 heterostruc-
tures and the (Bi0.06Sb0.94)2Te3 sample. Therefore, the model is
relevant for the experiments. While this qualitative description
of the resonance seems to be appropriated, a theory is not yet
developed and is crucially needed. In the (Bi0.57Sb0.43)2Te3
sample the Fermi energy is substantially above the edge of
the conduction band, which results in the hybridization of the
surface states and excludes photoionization. We attribute the
observed resonance in this sample to surface photocurrents
served by bulk carriers [74].
Assuming again ideal Dirac fermion bands, interband tran-
sitions become possible for photon energies larger than the
double Fermi energy. Such systems are characterized by a
constant probability as experimentally shown for graphene,
where a value of 2.3% of the optical absorption has been
reported [76]. It seems thus unlikely that such transitions are
the origin of the observed resonantlike photocurrent.
In experiments in pure Bi2Te3 no deviation from the Drude-
like behavior was found, see Fig. 2(a). Band structure calcula-
tions for our samples demonstrate that in Bi2Te3 samples with
EF = 500 meV direct optical transitions are prohibited in the
whole range of used photon energies (up to 250 meV).
Finally we discuss the circular photogalvanic effect (CPGE)
detected at oblique incidence, see Fig. 4. The observed polar-
ization dependence as well as the dependence on the angle
of incidence are in full agreement with the phenomenological
theory of the CPGE in the surface states, which are charac-
terized by the C3v point group symmetry. The corresponding
photocurrent for the (yz) plane of incidence is given by
[52,61,69]
J circx (ϕ) = γ tptsE20Pcircn sin θ = C(f,θ )I sin 2ϕ , (7)
in which γ is the CPGE constant, E0 is the electric field
amplitude in vacuum, tp and ts are transmission coefficients
after Fresnel’s formula for linear p and s polarizations, and n
is the refraction index. Alike the LPGE resonance addressed
above, we attribute the observed CPGE to the photoioniza-
tion of the surface states [77]. The microscopic mechanism,
however, needs to take into account selective excitation of
spin branches by circularly polarized radiation which follows
from the selection rules. Such processes have been considered
previously for 3D TIs excited with near infrared radiation [10]
and for 2D TIs excitation of electrons from helical edge states
to bulk conduction band states [20,21,23]. To conclude on the
mechanism responsible for the circular photocurrent observed
in our experiments further measurements are required, in
particular, a detailed study of the frequency dependencies of
the CPGE is needed. This is a subject of future work and is out
of scope of the current paper.
V. CONCLUSION
To summarize, extensive investigation of the spectra of the
photocurrent excited at normal incidence demonstrated that
in very different samples and in a wide range of terahertz
frequencies it is caused by the linear photogalvanic effect at
Drude-like free carrier absorption. These experiments show
that spectral studies of the linear photogalvanic effect in the
terahertz/microwave range allow one to measure the mobility
of the surface states carriers. We emphasize that the photogal-
vanic effect can only be excited in noncentrosymmetric surface
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states. Thus the frequency behavior of the Drude conductivity
can be studied even at room temperature and in materials
with substantial conductance in the bulk, where conventional
surface electron transport cannot be applied. Besides the LPGE
caused by Drude absorption we also observed an enhanced
linear photogalvanic effect and the circular photogalvanic
effect excited by infrared radiation, which are attributed to the
“ionization” of surface states at high frequencies.
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